Several observations, including studies from this laboratory, demonstrate that asbestos generates free radicals in the biological system that may play a role in the manifestation of asbestos-related cytotoxicity and carcinogenicity. It has also been demonstrated that iron associated with asbestos plays an important role in the asbestos-mediated generation of reactive oxygen species. Exposure to asbestos leads to degradation of heme proteins such as cytochrome P450-releasing heme in cytosol. Our simulation experiments in the presence of heme show that such asbestosreleased heme may increase lipid peroxidation and can cause DNA damage. Further, heme and horseradish peroxidase (HRP) can cause extensive DNA damage in the presence of asbestos and hydrogen peroxide/organic peroxide/hydroperoxides. HRP catalyzes oxidation reactions in a manner similar to that of prostaglandin H synthetase. Iron released from asbestos is only partially responsible for DNA damage. However, our studies indicate that DNA damage mediated by asbestos in vivo may be caused by a combination of effects such as the release and participation of iron, heme, and heme moiety of prostaglandin H synthetase in free radical generation from peroxides and hydroperoxides.
Introduction
Asbestos, a solid-phase carcinogen, causes pleural and peritoneal mesothelioma and bronchogenic carcinoma. The exact mechanism(s) by which asbestos causes these effects has not been fully defined (1) .
Several observations, including studies from our laboratory, show that asbestos generates free radicals in the biological system that may play a role in the manifestation of asbestos-related cytotoxicity and carcinogenicity (2) . Incubation of asbestos with phagocytes generates oxygen free radicals (3, 4) . Cultured mesothelial cells are ten times more sensitive than normal human bronchial epithelial cells to toxic effects of asbestos fiber (5); however, relative toxicity of oxygen radicals to the two systems is not known. Asbestos produces DNA damage that has been characterized by increased chromosomal aberrations, 8-hydroxy-2'-deoxyguanosine formation, and increased DNA fidelity, as measured by melting temperature profiles (6) (7) (8) .
We have recently shown that in a predisposed situation of augmented peroxide formation, asbestos exposure further enhances oxidative DNA damage (2) . It has also been shown that iron associated with asbestos plays an important role in generation of asbestos-mediated reactive oxygen species (ROS) (9) . Iron released from asbestos acting as Fenton's reagent catalyzes free radical formation (4) Isolation and Treatment of Microsomes with Dust. Rat lung microsomes were obtained according to the procedure described by Rahman et al. (11) . Microsomes were incubated with dust samples (1 mg/ml) at 37°C for 20 hr with occasional shaking in a water bath. After incubation, 2.5 ml phosphate buffer (100 mM, pH 7.4) was added. The samples were centrifuged at 105,000 xg for 60 min in an ultracentrifuge and the supernatant obtained used as described in "Incubation System." Incubation System DNA (1 mg/ml) in a total volume of 2 ml was incubated with crocidolite (1 mg/ml) along with the heme (50 pm), horseradish peroxidase (HRP) (100-200 units), and degradation products of dust-treated and dust-untreated lung microsomes of rats and different peroxides/hydroperoxides-namely H202, BOOB, COOHs, tert-BOOHs, and ABINs-at a final concentration of 40 mM in phosphate buffer (100 mM, pH 7.4). Various peroxides and hydroperoxides were chosen in this study because they mimic the lipid peroxides and hydroperoxides that are generated during excessive lipid peroxidation in lung microsome experiments. Dust was added separately at the time of incubation because microsomes were already pretreated with asbestos as described above.
Assay of S1 Nuclease Activity. The activity of SI nuclease was assayed by estimating the acid-soluble nucleotide released from DNA as a result of enzymatic digestion. The reaction mixture (final volume, 1 ml) contained 600 pg of substrate (native, denatured, or dust, and peroxidetreated DNA) in acetate buffer (100 mM, pH 4.5) containing ZnSO4 (1mM) and enzyme SI nuclease (100 units). The reaction mixture was incubated at 370C for 2 hr. At the end of the incubation period, the reaction was terminated by adding 0.2 ml of bovine serum albumin (10 mg/mI) (mixed thoroughly by shaking and followed by 1 ml of ice-cold 14% perchloric acid). The reaction mixture was kept for 1 hr at 40C and centrifuged to remove the precipitated protein and undigested DNA. The acid-soluble nucleotides were determined by the diphenylamine method used by Schneider (12) .
Determination of Thiobarbituric Acid-reacting Species. The deoxyribose oxidation was monitored by the method of Gutteridge and Wilkins (13) but with small modifications. Damage to the deoxyribose sugar moiety of DNA was assessed by determining the thiobarbituric acid-reacting product formed when incubating DNA with dust and peroxides. The reaction mixture (total volume, 2.5 ml) contained 640 pg of substrate (native, denatured, or dust/peroxides, and dust and peroxide-treated DNA) and 1 ml of thiobarbituric acid (pH 7.0).
Results
Like iron, several iron-containing proteins such as heme and those that contain heme as a prosthetic group, e.g., prostaglandin H synthetase, catalyze the formation of free radicals from peroxides (2) . Therefore, we demonstrated the effect of HRP, a hemecontaining enzyme similar to prostaglandin H synthetase, on the asbestos-and peroxide-mediated degradation of DNA. The peroxides mimic lipid peroxides, which may be generated in excess in a tissue under conditions of oxidative stress. As shown in Table 1 Tables 3 and 4 . Heme liberated from microsomal preparations enhanced DNA degradation, which was similar to results observed using purified heme. As shown in Table 3 , maximum damage was observed in the presence of H202. H202 and ABIN were the only peroxidants that caused damage to the sugar moiety of the DNA, as shown in Table 4 .
Discussion
It has been proposed that the ROS generated by a fiber directly or by activated phagocytic cells acts as a second messenger to elaborate the cytotoxicity and carcinogenicity of asbestos. Iron plays an important role in ROS generation. Surface characteristics of asbestos fibers and the presence of contaminating iron determine the toxic potential of the fiber (14) . Iron acts as a promoter in experimental chemical carcinogenesis and in the development of human neoplasm, as is also concluded in a number of epidemiological studies (4) . In light of these observations, the high carcinogenicity of the iron-rich variety of asbestos, crocidolite, compared to that of the low iron variety, chrysotile, is explained. Cationic iron plays a major role in fiber particle uptake by tracheobronchial epithelia and the uptake of fiber particles is also related to iron-mediated enhancement of lipid peroxidation. However, the mechanism through which free radicals are generated by asbestos fibers may not be dependent solely on leachable iron present in asbestos. In our previous study, it was shown that asbestos exposure leads to the degradation of heme proteins such as cytochrome P450, with concomitant release of heme into the system (11 
